We report an investigation of the effects of different metal systems and surface treatment on the contact performance of GaN lasers. We found that multi-element metal alloy and surface chemical treatment are the keys to achieve good ohmic behavior contacts on GaN laser diodes. Pd/Ni/Au contact demonstrates excellent thermal stability and lowest specific contact resistivity in these metal systems. Properly adjusting the thickness of the Pd and Ni layer and pretreating with the KOH solution can further improve the ohmic contact performance. The improved ohmic behavior of the KOH solution pretreated Pd/Ni/Au contact is attributed to removing surface oxides and the reduction of the schottky barrier heights due to the metal Pd has a high work function and the interfacial reactions occurring between the Pd, Ni, Au, and GaN extends into the GaN film. As a result, a low contact resistivity of 1.66 × 10 −5 Ω·cm 2 can be achieved from Pd(10 nm)/Ni(10 nm)/Au(30 nm) contacts with KOH solution pretreated on top of the laser diode structure. The power of the GaN based laser diode with the Pd/Ni/Au metallization ohmic contact can be enhanced by 1.95 times and the threshold current decreased by 37% compared to that of the conventional ohmic contact Ni/Au.
Introduction
Gallium nitride (GaN) based opto-electronic devices such as laser diodes [1] [2] [3] , light emitting diodes [4] [5] [6] [7] , power devices [8, 9] , and violet photodetectors [10] [11] [12] , among others, have received considerable attention in the last decade. Particularly in recent years, GaN-based lasers have been widely used in the fields of bio-chemical analysis, full-color displays, laser processing, high-density storage, laser pumping, and laser lithography. In order to meet the requirements of these broad applications, GaN-based lasers require higher output power, lower resistance, and better thermal stability. There are many factors that could affect the performances of the laser devices such as material quality, ohmic contact, cleavage, facet coating, etc. Among these factors, ohmic contact is arguably the most important one. Since the laser diode usually operates at a large current density, p-type ohmic contact is critical for reducing the operating voltage. Otherwise, the device would heat up severely under high current injection, which is detrimental to the device lifetime and reliability, and it
In this study, we perform four series of ohmic contact metal experiments by varying the composition of metal alloys, changing metal thickness, and adding chemical pretreatment to systematically investigate the effect of different metal systems on the ohmic contact of GaN lasers and to widen a processing window for forming the best electrical property of the ohmic metal system. Current-voltage characteristics (I-V) of the contacts are measured using a semiconductor parameter analyzer at room temperature. A tungsten filament Scanning Electron Microscope (SEM) JEOL-6390 (JEOL, Tokyo, Japan) with an attached EDX Unit (Energy Dispersive X-ray Analyses) and combined Raith EBL & SEM system with high magnification range accelerating voltage 20, 10 kV, respectively, is used to investigate the thin films microstructure. An Oxford Instruments (Abingdon, UK) MFP-3D Atomic Force Microscope (AFM) is used to measure the surface topography of the deposited p electrode metal alloy thin films after annealing. From this, ohmic contact formation mechanism of a wide variety of metal schemes formed on p-type GaN will be discussed.
Experiments
GaN based laser diode samples used in this study are grown epitaxially on c-oriented GaN homogeneous substrates by metal organic chemical vapor deposition (MOCVD). The epitaxial process of GaN laser diode adopts our existing standard process. Trimethylgallium (TMGa), Trimethylindium (TMIn), trimethylaluminum (TMAl), and ammonia (NH 3 ) are used as the source materials for Ga, In, Al, and N, respectively. The n-type and p-type doping precursors are silane (SiH 4 ) and dicyclopentadienyl magnesium (Cp 2 Mg), respectively. For detailed epitaxial growth processes, please refer to reference [38] . The common epitaxial structure of the GaN based laser diode is shown in Figure 1 , which consists of a 2 µm thick GaN buffer layer, a 1 µm thick n-AlGaN confinement layer, a 100 nm GaN lower waveguide layer, two pairs of InGaN/GaN quantum well structures as the active region, a 100 nm p-GaN upper waveguide layer, a 20 nm p-AlGaN electron blocking layer, a 600 nm thick p-AlGaN confinement layer, and a 80 nm thick p-GaN contact layer with Mg concentration of 1 × 10 19 cm −3 . After activating the Mg doped p-GaN epilayer, the intermediate carrier concentration is measured to be 2 × 10 17 cm −3 . Note that the p-GaN carrier concentration of the top of the laser structure is in the order of 10 17 cm −3 in general. It was used as a sample to systematically study the formation of low-resistance ohmic contacts, and the conclusions obtained are more versatile. GaN based laser diode samples are ultrasonically cleaned in acetone and isopropanol for 10 min twice and rinsed in deionized water before the experiments.
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GaN based laser diode samples used in this study are grown epitaxially on c-oriented GaN homogeneous substrates by metal organic chemical vapor deposition (MOCVD). The epitaxial process of GaN laser diode adopts our existing standard process. Trimethylgallium (TMGa), Trimethylindium (TMIn), trimethylaluminum (TMAl), and ammonia (NH3) are used as the source materials for Ga, In, Al, and N, respectively. The n-type and p-type doping precursors are silane (SiH4) and dicyclopentadienyl magnesium (Cp2Mg), respectively. For detailed epitaxial growth processes, please refer to reference [38] . The common epitaxial structure of the GaN based laser diode is shown in Figure 1 , which consists of a 2 μm thick GaN buffer layer, a 1 μm thick n-AlGaN confinement layer, a 100 nm GaN lower waveguide layer, two pairs of InGaN/GaN quantum well structures as the active region, a 100 nm p-GaN upper waveguide layer, a 20 nm p-AlGaN electron blocking layer, a 600 nm thick p-AlGaN confinement layer, and a 80 nm thick p-GaN contact layer with Mg concentration of 1 × 10 19 cm −3 . After activating the Mg doped p-GaN epilayer, the intermediate carrier concentration is measured to be 2 × 10 17 cm −3 . Note that the p-GaN carrier concentration of the top of the laser structure is in the order of 10 17 cm −3 in general. It was used as a sample to systematically study the formation of low-resistance ohmic contacts, and the conclusions obtained are more versatile. GaN based laser diode samples are ultrasonically cleaned in acetone and isopropanol for 10 min twice and rinsed in deionized water before the experiments. 
Thin p Electrode Metal Films Fabrication
The Ni/Au alloy system is the most ohmic contact material used by p-GaN. There are plenty of reports using Ni/Au metallization annealed in O2 ambient to attain low resistance on p-GaN. Pt is the metal with the largest work function (5.65 eV), so the study of ohmic contact related to Pt has received more attention. Ag has been widely used and investigated as an ohmic contact for flip-chip devices. Pd-based contacts are attractive for ohmic contact at low annealing temperature, and have been found to exhibit low contact resistance [24] . Few people use Pd metal in the GaN laser manufacturing process, since Pd-based contacts currently suffer from the repetitive difficulty and poor adhesion. However, their unrivalled advantages such as good repeatability and electrical properties are essential for reducing resistance and improving GaN laser performance. Based on the above reasons, we chose metals such as Ni, Au, Ag, Pd, and Pt as the main p-GaN ohmic contact metal to study the effect of different metal systems on the ohmic contact performance of GaN lasers. The structures of electrode films are shown in Table 1 in detail. 
The Ni/Au alloy system is the most ohmic contact material used by p-GaN. There are plenty of reports using Ni/Au metallization annealed in O 2 ambient to attain low resistance on p-GaN. Pt is the metal with the largest work function (5.65 eV), so the study of ohmic contact related to Pt has received more attention. Ag has been widely used and investigated as an ohmic contact for flip-chip devices. Pd-based contacts are attractive for ohmic contact at low annealing temperature, and have been found to exhibit low contact resistance [24] . Few people use Pd metal in the GaN laser manufacturing process, since Pd-based contacts currently suffer from the repetitive difficulty and poor adhesion. However, their unrivalled advantages such as good repeatability and electrical properties are essential for reducing resistance and improving GaN laser performance. Based on the above reasons, we chose metals such as Ni, Au, Ag, Pd, and Pt as the main p-GaN ohmic contact metal to study the effect of different metal systems on the ohmic contact performance of GaN lasers. The structures of electrode films are shown in Table 1 in detail. The p electrode metal alloy films are deposited on the photoresist patterned GaN laser diode samples by the high vacuum electron beam evaporation system Ei-5z (ULVAC, Chigasaki, Japan) under a pressure of 5 × 10 −6 Pa at a frequency of 5 MHz and the maximum output power of 8 kW. One hundred and eighty two-inch samples, or eight four-inch samples, or eight six-inch samples can be evaporated at one time, and the down-size is compatible, and the film non-uniformity is ≤±5%. In order to form a well-defined multilayer metal structure and reduce the effect of the uniformity of the metal film on the contact resistance, the metal evaporation rate is controlled at a very small level (0.1-0.3 nm/s) and high vacuum (<10 −5 Pa) by adjusting the evaporation time, the electron gun evaporation power, the carrier rotation rate, and other parameters of the evaporation coating system. The evaporation rates of gold, zinc, silver, and other metals are 0.2, 0.2, 0.3, and 0.1 nm/s, respectively. A low-evaporation rate can be used to form a metal film having a uniform surface and a surface roughness of less than 0.5 nm. At the same time, a uniform metal film is more advantageous for forming a perfect ridge shape in a subsequent etching process.
Pure metal evaporation particles (99.999%) including palladium, nickel, gold, platinum, ruthenium, silver, titanium, and zinc with size (<1 × 0.5 cm 2 ) are loaded in the crucible used for the coating of all thin p electrode metal films in a high vacuum environment. The GaN based laser diode samples had dimensions 1.2 × 1.2 cm 2 . A batch of GaN based laser diode samples are fixed on the substrates by a copper pin and then introduced into the chamber for each run. All substrates are cleaned in acetone and isopropanol, followed by nitrogen drying. The cleaned and dried substrates are fixed in the coating chamber with 10 rpm rotation velocity. During the deposition, the chamber is pumped down to 10 −5 Pa (the base pressure). The distance between the crucible and the baffle is 3 cm, and the distance between the crucible and the substrate is equal to 50 cm. The electron gun heats the metal particles so that it melts after melting, and the baffle blocks the pre-evaporation for two minutes. After the pre-evaporation is completed, the baffle is opened, and the crystal plate begins to record the thickness of the metal layer. During the coating process, the chamber temperature reached 65 • C is recorded on a digital screen. When the thickness of the metal layer reaches the set thickness, the baffle is closed, the power of the electron gun is gradually reduced, and the system starts to cool down.
Annealing of p Electrode Metal Thin Films
The p electrode films deposited on GaN laser diode in this work are then lifted off in acetone. Metals that are not alloyed typically exhibit rectifying properties in contact with GaN, so the deposited material must be thermally annealed to form an ohmic contact. The contact of metal with p-type GaN is generally treated by rapid thermal annealing (RTA). In this work, the samples are rapid thermal annealed by RTA-500 rapid thermal processor at temperatures 500-520 • C for 5 min under O 2 and N 2 or only N 2 ambient to form ohmic contact based on past experimental experience. Calculated values of the specific contact resistivity were obtained by circular transmission line measurements (c-TLM) [39, 40] . To determine the contact resistance, the voltage drop is measured by forcing a constant current through adjacent pads between the inner circle and the adjacent field of circular geometry. In order to avoid current flow at the contact edges in the circular contacts, a mesa structure is formed which defines a semiconductor region for the c-TLM pattern. The circular transmission line (c-TLM) pads are patterned on the p-type GaN contact layer by a standard photolithography technique. The schematic and optical image of the c-TLM patterns are shown in Figure 2 . The inner circle radius is fixed 100 µm and the spacing between the inner and the outer radii are varied from 20 to 55 µm with a step of 5 µm. A contact structure with concentric rings is added to the gap to test the consistency of the c-TLM data.
p Electrode Metal Thin Films Characterization
For the c-TLM, the square resistance between the inner circle and outer radii is supposed to be equal. The total resistance R t between two contacts is given by Equations (1) and (2):
where R sh represent the square resistance of p-GaN, R and r denote the radius of the outer and inner circular contact, L t is the transfer distance. The total resistance is measured for various spacing contact and plotted as function of ln(R/r). The least squares linear curve fitting method is used to obtain line plot of R t -ln(R/r) data. The slope K leads to R sh = 2Kπ, the R t = R 0 at ln(R/r) = 0. Thus, the specific resistance ρ c can be obtained by Equation (3): Figure 3 shows the I-V characteristics of a wide variety of metal schemes heat-treated contacts, measured between the c-TLM ohmic pads with a gap spacing of 5 μm. The I-V curves show nonohmic features for Pd/Pt/Au sample, whereas the other linear I-V curves indicate other samples are ohmic in nature. That indicates the multilayer metallization scheme based on all high work function metals Pd/Pt/Au does not have a good effect on all p-GaN ohmic contacts, especially at this condition in our experiment. Figure 4 shows the c-TLM contact resistance measurements dependence on the ln(R/r) between Pd/Ni/Au metals pads. According to the c-TLM model, the specific contact resistance can be obtained from the intercept and slope of the curve shown in Figure 4 . The specific contact resistance is calculated to be 7.3 × 10 −5 Ω·cm 2 for Pd/Ni/Au sample. Using the same method, the specific contact resistivity of other ohmic contact characteristic samples in Figure 4 are obtained: 3.6 × 10 −2 , 2.8 × 10 −3 , 6.4 × 10 −4 Ω·cm 2 for Ni/Ag/Zn, Ni/Ru/Ag/Au, and Ni/Au samples, respectively. The c-LTM measurements results are shown in Table 2 . All contacts exhibited linear ohmic behaviors by p electrode metal films which contain Ni and Au. These contacts achieve a low contact resistivity of less than 2.8 × 10 −3 Ω·cm 2 , independent of the type of other contact metal variation. This suggests that the contact metal layer is not a key aspect of the ohmic contact formation in the Ni/Au-based contacts. Figure 3 shows the I-V characteristics of a wide variety of metal schemes heat-treated contacts, measured between the c-TLM ohmic pads with a gap spacing of 5 µm. The I-V curves show non-ohmic features for Pd/Pt/Au sample, whereas the other linear I-V curves indicate other samples are ohmic in nature. That indicates the multilayer metallization scheme based on all high work function metals Pd/Pt/Au does not have a good effect on all p-GaN ohmic contacts, especially at this condition in our experiment. Figure 4 shows the c-TLM contact resistance measurements dependence on the ln(R/r) between Pd/Ni/Au metals pads. According to the c-TLM model, the specific contact resistance can be obtained from the intercept and slope of the curve shown in Figure 4 . The specific contact resistance is calculated to be 7.3 × 10 −5 Ω·cm 2 for Pd/Ni/Au sample. Using the same method, the specific contact resistivity of other ohmic contact characteristic samples in Figure 4 are obtained: 3.6 × 10 −2 , 2.8 × 10 −3 , 6.4 × 10 −4 Ω·cm 2 for Ni/Ag/Zn, Ni/Ru/Ag/Au, and Ni/Au samples, respectively. The c-LTM measurements results are shown in Table 2 . All contacts exhibited linear ohmic behaviors by p electrode metal films which contain Ni and Au. These contacts achieve a low contact resistivity of less than 2.8 × 10 −3 Ω·cm 2 , independent of the type of other contact metal variation. This suggests that the contact metal layer is not a key aspect of the ohmic contact formation in the Ni/Au-based contacts. Figure 3 shows the I-V characteristics of a wide variety of metal schemes heat-treated contacts, measured between the c-TLM ohmic pads with a gap spacing of 5 μm. The I-V curves show nonohmic features for Pd/Pt/Au sample, whereas the other linear I-V curves indicate other samples are ohmic in nature. That indicates the multilayer metallization scheme based on all high work function metals Pd/Pt/Au does not have a good effect on all p-GaN ohmic contacts, especially at this condition in our experiment. Figure 4 shows the c-TLM contact resistance measurements dependence on the ln(R/r) between Pd/Ni/Au metals pads. According to the c-TLM model, the specific contact resistance can be obtained from the intercept and slope of the curve shown in Figure 4 . The specific contact resistance is calculated to be 7.3 × 10 −5 Ω·cm 2 for Pd/Ni/Au sample. Using the same method, the specific contact resistivity of other ohmic contact characteristic samples in Figure 4 are obtained: 3.6 × 10 −2 , 2.8 × 10 −3 , 6.4 × 10 −4 Ω·cm 2 for Ni/Ag/Zn, Ni/Ru/Ag/Au, and Ni/Au samples, respectively. The c-LTM measurements results are shown in Table 2 . All contacts exhibited linear ohmic behaviors by p electrode metal films which contain Ni and Au. These contacts achieve a low contact resistivity of less than 2.8 × 10 −3 Ω·cm 2 , independent of the type of other contact metal variation. This suggests that the contact metal layer is not a key aspect of the ohmic contact formation in the Ni/Au-based contacts. For the Ni/Au two-element contact metal, the thickness of the Au layer has a weak influence on the contact performance, while the thickness of Ni has a great influence. The specific contact resistivity of Ni/Au two-element ohmic contact characteristic samples in Table 1 The thickness of Ni is only changed by 5 nm, and the contact resistivity is reduced by an order of magnitude, while the thickness of Au is changed, and the resistivity is maintained at the order of 10 −3 Ω·cm 2 . Otherwise, it is worth noting that contact resistivity decreases by one order of magnitude in a Pd/Ni/Au alloy system as the p electrode on p-GaN using the Pd interlayer under Ni/Au metal layer. The improvement in ohmic characteristics can be attributed to the larger work function of metal Pd and the interfacial reactions occurring between the Pd, Ni, Au, and GaN, which extend into the GaN film with their alloy [41] . According to the previous literature [30] , contact resistance to p-GaN decreased exponentially as the work function increased. Pd and Ni reacted with GaN, to form Pd-and Ni-Ga related compound phases. The generation of Ga vacancies acting as acceptors in the near surface region of p-GaN plays a role in reducing the contact resistivity. This is consistent with the results of previous studies [42] [43] [44] . However, the annealing temperature over than 350 °C had little effect on the transmission properties of these Pd/Ni/Au contacts. Meanwhile, when the alloy temperature is raised to 600 °C, the I-V curve becomes non-linear as well as the results in reference [41] , and the resistivity and morphology of the contacts deteriorated, which are not shown in the figure.
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Despite the significance of the surface morphology and the microstructure features to the physical properties, most of the published work [20, 24, 41] on electrical properties of p electrode metal alloy thin films lacks surface topography studies. To ensure good device performance of the laser diode, the surface morphology of the ohmic contact must be smooth to ensure good contact pattern clarity and adhesion to the metal overlay. Figure 5 shows the SEM micrographs of the Ni/Ag/Zn, Ni/Ru/Ag/Au, Ni/Au, Pd/Ni/Au samples annealed for 5 min in O2 and N2 or only N2 ambient. These For the Ni/Au two-element contact metal, the thickness of the Au layer has a weak influence on the contact performance, while the thickness of Ni has a great influence. The specific contact resistivity of Ni/Au two-element ohmic contact characteristic samples in Table 1 The thickness of Ni is only changed by 5 nm, and the contact resistivity is reduced by an order of magnitude, while the thickness of Au is changed, and the resistivity is maintained at the order of 10 −3 Ω·cm 2 . Otherwise, it is worth noting that contact resistivity decreases by one order of magnitude in a Pd/Ni/Au alloy system as the p electrode on p-GaN using the Pd interlayer under Ni/Au metal layer. The improvement in ohmic characteristics can be attributed to the larger work function of metal Pd and the interfacial reactions occurring between the Pd, Ni, Au, and GaN, which extend into the GaN film with their alloy [41] . According to the previous literature [30] , contact resistance to p-GaN decreased exponentially as the work function increased. Pd and Ni reacted with GaN, to form Pd-and Ni-Ga related compound phases. The generation of Ga vacancies acting as acceptors in the near surface region of p-GaN plays a role in reducing the contact resistivity. This is consistent with the results of previous studies [42] [43] [44] . However, the annealing temperature over than 350 • C had little effect on the transmission properties of these Pd/Ni/Au contacts. Meanwhile, when the alloy temperature is raised to 600 • C, the I-V curve becomes non-linear as well as the results in reference [41] , and the resistivity and morphology of the contacts deteriorated, which are not shown in the figure.
Despite the significance of the surface morphology and the microstructure features to the physical properties, most of the published work [20, 24, 41] on electrical properties of p electrode metal alloy thin films lacks surface topography studies. To ensure good device performance of the laser diode, the surface morphology of the ohmic contact must be smooth to ensure good contact pattern clarity and adhesion to the metal overlay. Figure 5 shows the SEM micrographs of the Ni/Ag/Zn, Ni/Ru/Ag/Au, Ni/Au, Pd/Ni/Au samples annealed for 5 min in O 2 and N 2 or only N 2 ambient. These SEM images in Figure 5 , (a) Ni/Ag/Zn thin films and (b) Ni/Ru/Ag/Au thin films, show that these silver-containing ohmic electrodes have high surface roughness with irregular agglomerates. The formation of agglomeration by annealing is a typical phenomenon in Ag films, which involves the evolution of capillary instability, resulting in continuous exposure of the substrate. For the Ni/Ag/Zn thin films, the surface became rougher as compared with the Ni/Ru/Ag/Au thin films sample, indicating that the non-uniform interdiffusion and intermixing of metals is more severe. The Ru interlayer between Ni and Ag can effectively block the interdiffusion between metals, which have been proven elsewhere [45] . Annealing reduces surface uniformity caused by metals between themselves or between metals and semiconductors due to differences in the thermodynamic properties of the materials. The surface of the (c) Ni/Au thin films and (d) Pd/Ni/Au thin films are much smoother than the Ag based metal systems. For Ni/Au thin films on GaN laser diode, the film morphology has significantly degraded, forming larger holes relative to the Pd/Ni/Au thin films. The Pd/Ni/Au thin films surface is very smooth and did not change, indicating that Pd/Ni/Au has excellent thermal stability and is suitable for a high power GaN laser diode. SEM images in Figure 5 , (a) Ni/Ag/Zn thin films and (b) Ni/Ru/Ag/Au thin films, show that these silver-containing ohmic electrodes have high surface roughness with irregular agglomerates. The formation of agglomeration by annealing is a typical phenomenon in Ag films, which involves the evolution of capillary instability, resulting in continuous exposure of the substrate. For the Ni/Ag/Zn thin films, the surface became rougher as compared with the Ni/Ru/Ag/Au thin films sample, indicating that the non-uniform interdiffusion and intermixing of metals is more severe. The Ru interlayer between Ni and Ag can effectively block the interdiffusion between metals, which have been proven elsewhere [45] . Annealing reduces surface uniformity caused by metals between themselves or between metals and semiconductors due to differences in the thermodynamic properties of the materials. The surface of the (c) Ni/Au thin films and (d) Pd/Ni/Au thin films are much smoother than the Ag based metal systems. For Ni/Au thin films on GaN laser diode, the film morphology has significantly degraded, forming larger holes relative to the Pd/Ni/Au thin films. The Pd/Ni/Au thin films surface is very smooth and did not change, indicating that Pd/Ni/Au has excellent thermal stability and is suitable for a high power GaN laser diode. To further confirm the effect of surface morphology, we also used atomic force microscopy to measure root-mean-square (RMS) values of surface roughness to characterizing p electrode metal thin films surface topography as shown in Table 3 . Figure 6 presents the 20 × 20 μm 2 AFM images of the Ni/Au and Pd/Ni/Au thin films annealed in O2 and N2 ambient at 520 °C for 5 min. Before annealing, the thicknesses of the two thin films were measured by step profiler and found to be 39 and 48 nm for Ni/Au and Pd/Ni/Au thin films, respectively. The surface roughness of the Ni/Au and Pd/Ni/Au thin films is nearly the same as the GaN laser diode surface, which is lower than 1 nm. This shows that our GaN laser diode surface is very flat and the vapor deposited metal film is very even and smooth. After annealing, the thin film roughness measured by AFM is found to be 13.64, 1.75 nm; for the Ni/Au and Pd/Ni/Au thin films, after O2 and N2 ambient annealing, respectively, suggesting an effect induced by different microstructures. As shown in Figure 6 , the surface topography profile is different for both Ni/Au and Pd/Ni/Au thin films. The surface of the Ni/Au sample has large pores and the surface undulation is large, while the surface of the Pd/Ni/Au sample To further confirm the effect of surface morphology, we also used atomic force microscopy to measure root-mean-square (RMS) values of surface roughness to characterizing p electrode metal thin films surface topography as shown in Table 3 . Figure 6 presents the 20 × 20 µm 2 AFM images of the Ni/Au and Pd/Ni/Au thin films annealed in O 2 and N 2 ambient at 520 • C for 5 min. Before annealing, the thicknesses of the two thin films were measured by step profiler and found to be 39 and 48 nm for Ni/Au and Pd/Ni/Au thin films, respectively. The surface roughness of the Ni/Au and Pd/Ni/Au thin films is nearly the same as the GaN laser diode surface, which is lower than 1 nm. This shows that our GaN laser diode surface is very flat and the vapor deposited metal film is very even and smooth. After annealing, the thin film roughness measured by AFM is found to be 13.64, 1.75 nm; for the Ni/Au and Pd/Ni/Au thin films, after O 2 and N 2 ambient annealing, respectively, suggesting an effect induced by different microstructures. As shown in Figure 6 , the surface topography profile is different for both Ni/Au and Pd/Ni/Au thin films. The surface of the Ni/Au sample has large pores and the surface undulation is large, while the surface of the Pd/Ni/Au sample has small pores and small undulations. The Pd insertion layer can further greatly reduce the roughness of the Ni/Au ohmic contact. The AFM test results were consistent with the SEM micrographs. Figure 6 . AFM image of (a) Ni/Au and (b) Pd/Ni/Au thin films contacts on GaN laser diode, after annealing at 520 °C for 5 min in O2 and N2 ambient.
The Effect of Ni and Pd Thickness in Pd/Ni/Au
Through the results of the above, we know that Ni/Au and Pd/Ni/Au metal systems have good intrinsic ohmic contact properties because of the smooth surface. Since the thickness of Au layer has little effect on the contact properties, the optimal contact performance can thus be obtained by properly adjusting the thickness of the Pd insertion layer and the thickness of the Ni layer. The electrical properties and morphological characterization of ohmic contact samples with different Ni thicknesses and different Pd thicknesses were systematically investigated, where the film parameters and annealing conditions of the various samples are shown in Table 4 . In order to exclude the effects of annealing conditions, the samples were subjected to the same annealing environment. Similarly, surface topography and roughness were tested by SEM and AFM. There is almost no difference in the surface topography of all samples and the roughness of the samples. There are small holes on the surface of all samples, and the roughness is about 2 nm. 
Through the results of the above, we know that Ni/Au and Pd/Ni/Au metal systems have good intrinsic ohmic contact properties because of the smooth surface. Since the thickness of Au layer has little effect on the contact properties, the optimal contact performance can thus be obtained by properly adjusting the thickness of the Pd insertion layer and the thickness of the Ni layer. The electrical properties and morphological characterization of ohmic contact samples with different Ni thicknesses and different Pd thicknesses were systematically investigated, where the film parameters and annealing conditions of the various samples are shown in Table 4 . In order to exclude the effects of annealing conditions, the samples were subjected to the same annealing environment. Similarly, surface topography and roughness were tested by SEM and AFM. There is almost no difference in the surface topography of all samples and the roughness of the samples. There are small holes on the surface of all samples, and the roughness is about 2 nm. Figure 7b were obtained to be 7.6 × 10 −4 , 7.3 × 10 −5 , 1.8 × 10 −4 , 2.1 × 10 −4 Ω·cm 2 , for Pd/Ni/Au samples with Pd metal thickness gradually increasing from 5 to 20 nm, respectively. The specific contact resistivity of Pd/Ni/Au sample starts to increase when the thickness of Ni is gradually increased by 10 nm. A similar trend is also observed when the thickness of the Pd changes. The lowest specific contact resistivity of Pd/Ni/Au sample is obtained when the thickness of both Ni and Pd is 10 nm. The other samples are several times larger or an order of magnitude larger than that of Pd(10 nm)/Ni(10 nm)/Au(30 nm) sample. In other words, the thickness of Au remains constant. Appropriately increasing the thickness of Pd and Ni, the contact resistivity is improved. As mentioned in reference [46] , the Au layer plays a role in spreading the injection current while the Ni layer plays a role in reducing the Schottky barrier height (SBH) in Ni/Au ohmic contacts. The high contact resistance in our work can be attributed to Pd or Ni not being thick enough to reduce the SBH efficiently. When the thickness of Pd and Ni layer is changed from 5 to 10 nm, the contact resistance increases with the thickness of the Pd and Ni layer in the Pd/Ni/Au trilayer. When the thickness of the Pd or Ni layer in the Pd/Ni/Au trilayer is 10 nm, the diffusion of Au atoms to the metal/semiconductor interface is easy, so that relative low contact resistance can be obtained. Further increasing the thickness of Pd or Ni will impede the diffusion of Au toward to the metal/semiconductor interface, which is also disadvantageous for forming NiO and Pd-Ni-Ga related compounds, and leads to an increase in contact resistance. A similar phenomenon also occurs on blue LEDs [46] . Therefore, only a suitable electrode thickness is advantageous for forming a good ohmic contact and reducing the specific contact resistivity. In other words, the thickness of Au remains constant. Appropriately increasing the thickness of Pd and Ni, the contact resistivity is improved. As mentioned in reference [46] , the Au layer plays a role in spreading the injection current while the Ni layer plays a role in reducing the Schottky barrier height (SBH) in Ni/Au ohmic contacts. The high contact resistance in our work can be attributed to Pd or Ni not being thick enough to reduce the SBH efficiently. When the thickness of Pd and Ni layer is changed from 5 to 10 nm, the contact resistance increases with the thickness of the Pd and Ni layer in the Pd/Ni/Au trilayer. When the thickness of the Pd or Ni layer in the Pd/Ni/Au trilayer is 10 nm, the diffusion of Au atoms to the metal/semiconductor interface is easy, so that relative low contact resistance can be obtained.
Further increasing the thickness of Pd or Ni will impede the diffusion of Au toward to the metal/semiconductor interface, which is also disadvantageous for forming NiO and Pd-Ni-Ga related compounds, and leads to an increase in contact resistance. A similar phenomenon also occurs on blue LEDs [46] . Therefore, only a suitable electrode thickness is advantageous for forming a good ohmic contact and reducing the specific contact resistivity.
(a) (b) It is worth noting that all the annealed Pd/Ni/Au contacts produce somewhat similar low resistances on GaN based laser diode, all the specific contact resistances are stable at the order of ~10 −4 Ω·cm 2 . By optimizing the thickness of the metal layer, the contact resistivity achieved could be ~10 −5 Ω·cm 2 , which is lower by one order of magnitude compared to UCSB GaN lasers [47, 48] . The results show that the use of the Pd interlayer plays a crucial role in improving ohmic contact characteristics. From the viewpoint of device processing, it is very important to have a stable and wider window for good ohmic formation on GaN laser diode.
The Effect of KOH Pretreatment
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The chemical adsorption of oxygen atoms on the surface of compound semiconductors is very active, resulting in the production of natural oxides on the surface [49] . Surface oxides can serve as a barrier to carrier transport from metal to semiconductor, resulting in an increase in ohmic contact resistivity. Therefore, the contact resistivity on the p-type GaN can be lowered by the surface treatment of removing the oxide before the metal deposition. The chemical composition of the GaN laser diode surface is characterized by EDX before the surface treatment. Figure 8 displays the EDX of GaN laser diode surface. The EDX analysis proves that there exists a small amount of oxygen on the surface of the GaN sample. Note that in the absence of TEM and XPS, the precise characteristic of the oxide layer on the GaN surface is difficult to determine since it is only 2 nm thin during the growth process. laser diode surface is characterized by EDX before the surface treatment. Figure 8 displays the EDX of GaN laser diode surface. The EDX analysis proves that there exists a small amount of oxygen on the surface of the GaN sample. Note that in the absence of TEM and XPS, the precise characteristic of the oxide layer on the GaN surface is difficult to determine since it is only 2 nm thin during the growth process. In this work, two types of sample were prepared. One set is prepared by dipping the p-type GaN in KOH solution at 80 °C for 5 min, which is conventionally used for surface treatment prior to the deposition of ohmic metals (KOH-treated sample). The other set is the Pd(10 nm)/Ni(10 nm)/Au(30 nm) contact without the chemical treatment sample. Figure 9 shows current-voltage characteristics measured between the Pd(10 nm)/Ni(10 nm)/Au(30 nm) contact pads for both untreated and the KOH-treated GaN laser diode samples. The specific contact resistivity taken from the gradients and intercepts in the plots are determined to be 1.66 × 10 −5 Ω·cm 2 for the KOH-treated sample and 7.3 × 10 −5 Ω·cm 2 for the untreated sample. Note that contact resistivity decreases by 4.5 times by the surface treatment using KOH solution. The contact resistivity obtained is the lowest value of the result of the previous Pd/Ni/Au ohmic contact on p-type GaN compared with previous report [41, 50] . KOH-based chemical treatment has proven to be effective in removing surface oxides and other carbonaceous contaminants [31, 34, 51] . It has been reported that N vacancies can act as donors in the GaN [52] with Ga vacancies acting as acceptors. Gallium hydroxide is formed by reacting GaN with OH in a KOH solution to preferentially remove gallium oxide. Selective removal of gallium oxide by KOH treatment results in the formation of acceptor-like Ga vacancies, causing the surface Fermi level to move toward the valence band edge and resulting in a much smaller surface barrier height to p-GaN [34] . Since the metal contact resistance decreases as the surface barrier height decreases, the smaller surface barrier height on the p-GaN produced by the KOH treatment can play an important role in reducing the subsequent metal contact resistivity. The tunneling barrier for carrier injection from metal to p-type GaN is decreased and the hole tunneling probability at the Pd/p-GaN interface is increased, resulting in a decrease in contact resistivity. Thus, it is suggested that the decrease in contact resistivity in Figure 8 is related to the removal of surface oxides formed on the surface of GaN laser diode during epitaxial growth. In this work, two types of sample were prepared. One set is prepared by dipping the p-type GaN in KOH solution at 80 • C for 5 min, which is conventionally used for surface treatment prior to the deposition of ohmic metals (KOH-treated sample). The other set is the Pd(10 nm)/Ni(10 nm)/Au(30 nm) contact without the chemical treatment sample. Figure 9 shows current-voltage characteristics measured between the Pd(10 nm)/Ni(10 nm)/Au(30 nm) contact pads for both untreated and the KOH-treated GaN laser diode samples. The specific contact resistivity taken from the gradients and intercepts in the plots are determined to be 1.66 × 10 −5 Ω·cm 2 for the KOH-treated sample and 7.3 × 10 −5 Ω·cm 2 for the untreated sample. Note that contact resistivity decreases by 4.5 times by the surface treatment using KOH solution. The contact resistivity obtained is the lowest value of the result of the previous Pd/Ni/Au ohmic contact on p-type GaN compared with previous report [41, 50] . KOH-based chemical treatment has proven to be effective in removing surface oxides and other carbonaceous contaminants [31, 34, 51] . It has been reported that N vacancies can act as donors in the GaN [52] with Ga vacancies acting as acceptors. Gallium hydroxide is formed by reacting GaN with OH in a KOH solution to preferentially remove gallium oxide. Selective removal of gallium oxide by KOH treatment results in the formation of acceptor-like Ga vacancies, causing the surface Fermi level to move toward the valence band edge and resulting in a much smaller surface barrier height to p-GaN [34] . Since the metal contact resistance decreases as the surface barrier height decreases, the smaller surface barrier height on the p-GaN produced by the KOH treatment can play an important role in reducing the subsequent metal contact resistivity. The tunneling barrier for carrier injection from metal to p-type GaN is decreased and the hole tunneling probability at the Pd/p-GaN interface is increased, resulting in a decrease in contact resistivity. Thus, it is suggested that the decrease in contact resistivity in Figure 8 is related to the removal of surface oxides formed on the surface of GaN laser diode during epitaxial growth. Figure 10 shows the output light peak power as a function of the pulsed injection current of the two GaN-based violet LDs: original and optimized samples. The structure parameters and growth conditions for original and optimized samples are the same, while original and optimized samples have a difference in ohmic contact process. The original sample has a conventional Ni/Au contact as the p electrode, and the optimized sample pretreated by KOH solution has the lower resistivity Pd/Ni/Au metal electrode. As shown in Figure 10 , the two output power curves were very different. It is found that light power increases sharply and lasing starts when the injection current is higher than 500 mA for the optimized sample, and higher than 800 mA for the original sample. So, the threshold currents of original and optimized samples are 800 and 500 mA, and the corresponding threshold current density is 6.67 and 4.17 kA/cm 2 , respectively. The slope efficiencies of original and optimized samples are 0.402 and 0.486 A/W, respectively. The huge reduction in threshold current and the increase in slope efficiency are clearly caused by a large improvement in contact performance. Obviously, the performance of the optimized sample is much better than the original sample. The output power of optimized sample is improved by 1.95 times that of the original sample at 1.2 A. Subsequently, we carried out the same experiment on the subsequent batches of GaN laser samples, and obtained similar trends and results, indicating that the Pd/Ni/Au ohmic contact metal system has good repeatability and stability, and can be applied to large-scale preparation of GaN laser diodes. Thus, by controlling the thickness of Pd and Ni metal layer and the surface treatment Measured I-V curves for untreated and the KOH-treated before Pd(10 nm)/Ni(10 nm)/Au(30 nm) contact evaporation on GaN laser diode. Figure 10 shows the output light peak power as a function of the pulsed injection current of the two GaN-based violet LDs: original and optimized samples. The structure parameters and growth conditions for original and optimized samples are the same, while original and optimized samples have a difference in ohmic contact process. The original sample has a conventional Ni/Au contact as the p electrode, and the optimized sample pretreated by KOH solution has the lower resistivity Pd/Ni/Au metal electrode. As shown in Figure 10 , the two output power curves were very different. It is found that light power increases sharply and lasing starts when the injection current is higher than 500 mA for the optimized sample, and higher than 800 mA for the original sample. So, the threshold currents of original and optimized samples are 800 and 500 mA, and the corresponding threshold current density is 6.67 and 4.17 kA/cm 2 , respectively. The slope efficiencies of original and optimized samples are 0.402 and 0.486 A/W, respectively. The huge reduction in threshold current and the increase in slope efficiency are clearly caused by a large improvement in contact performance. Obviously, the performance of the optimized sample is much better than the original sample. The output power of optimized sample is improved by 1.95 times that of the original sample at 1.2 A. Figure 10 shows the output light peak power as a function of the pulsed injection current of the two GaN-based violet LDs: original and optimized samples. The structure parameters and growth conditions for original and optimized samples are the same, while original and optimized samples have a difference in ohmic contact process. The original sample has a conventional Ni/Au contact as the p electrode, and the optimized sample pretreated by KOH solution has the lower resistivity Pd/Ni/Au metal electrode. As shown in Figure 10 , the two output power curves were very different. It is found that light power increases sharply and lasing starts when the injection current is higher than 500 mA for the optimized sample, and higher than 800 mA for the original sample. So, the threshold currents of original and optimized samples are 800 and 500 mA, and the corresponding threshold current density is 6.67 and 4.17 kA/cm 2 , respectively. The slope efficiencies of original and optimized samples are 0.402 and 0.486 A/W, respectively. The huge reduction in threshold current and the increase in slope efficiency are clearly caused by a large improvement in contact performance. Obviously, the performance of the optimized sample is much better than the original sample. The output power of optimized sample is improved by 1.95 times that of the original sample at 1.2 A. Subsequently, we carried out the same experiment on the subsequent batches of GaN laser samples, and obtained similar trends and results, indicating that the Pd/Ni/Au ohmic contact metal system has good repeatability and stability, and can be applied to large-scale preparation of GaN laser diodes. Thus, by controlling the thickness of Pd and Ni metal layer and the surface treatment Subsequently, we carried out the same experiment on the subsequent batches of GaN laser samples, and obtained similar trends and results, indicating that the Pd/Ni/Au ohmic contact metal system has good repeatability and stability, and can be applied to large-scale preparation of GaN laser diodes. Thus, by controlling the thickness of Pd and Ni metal layer and the surface treatment using KOH solution, and optimizing the annealing conditions, it is possible to form a low resistance stable ohmic contact to GaN laser diode with the Pd/Ni/Au contact layer and reliable device performance can be achieved.
Performance Improvement of GaN Laser Power by Pd/Ni/Au Metallization
Conclusions
We have systematically investigated the influence of different metal systems on the ohmic contact of the GaN laser by a series of four ohmic contact metal experiments. Pd/Ni/Au metallization ohmic contact with a suitable electrode thickness has the lowest specific contact resistance of 7.5 × 10 −5 Ω·cm 2 , which is due to the reduction of schottky barrier heights by larger work function of metal Pd, and the Pd-and Ni-Ga related compound phases plays a role in reducing the contact resistivity. Meanwhile, increasing the KOH solution pretreatment process can further reduce the specific contact resistivity to 1.66 × 10 −5 Ω·cm 2 , which is lower by one order of magnitude compared to UCSB GaN lasers, indicating that the surface treatment using KOH solution is very effective to remove surface oxide and increase the hole tunneling probability. SEM and AFM data of Pd/Ni/Au ohmic contacts are presented, showing that the Pd layer dramatically improved the morphological stability of the metallization stack by preventing the nickel and gold interchange. Combining the above factors, using KOH solution-pretreated Pd(10 nm)/Ni(10 nm)/Au(30 nm) as the ohmic contact on GaN laser diode, the power of the GaN laser diode is increased by 1.95 times compared to the conventional ohmic contact Ni(10 nm)/Au(30 nm). The low resistance and stable Pd/Ni/ Au contacts are versatile and can extend to other structures of GaN-based lasers, and can represent a promising solution for fabricating high performance laser diodes. 
